Macroalbuminuria, defined as urine albumin excretion rate (AER)$300 mg/d, has long been considered a stage of irreversible kidney damage that leads reliably to GFR loss. We examined the long-term renal outcomes of persons with type 1 diabetes who developed incident macroalbuminuria during the Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and Complications (EDIC) study. One hundred fifty-nine participants developed incident macroalbuminuria and were subsequently followed for a median duration of 9 years (maximum of 25 years). At the time of macroalbuminuria diagnosis, mean (SD) age was 37 (9) years, mean (SD) duration of diabetes was 17 (5) years, median AER was 524 mg/d, and mean (SD) eGFR was 108 (20) ml/min per 1.73 m 2 . Ten years after macroalbuminuria diagnosis, the cumulative incidence of a sustained reduction in AER to ,300 mg/d was 52%, mostly but not entirely under treatment with renin-angiotensin system inhibitors. The cumulative incidence of impaired GFR (sustained eGFR,60 ml/ min per 1.73 m 2 ) 10 years after macroalbuminuria diagnosis was 32%, including 16% who developed ESRD. Lower hemoglobin A1c and BP and regression to AER,300 mg/d were associated with reduced risk of developing impaired GFR. In conclusion, people with type 1 diabetes who develop macroalbuminuria are at high risk of progressive kidney disease. However, through at least 10 years of follow-up, AER could often be controlled, and GFR frequently remained in the normal range.
. Ten years after macroalbuminuria diagnosis, the cumulative incidence of a sustained reduction in AER to ,300 mg/d was 52%, mostly but not entirely under treatment with renin-angiotensin system inhibitors. The cumulative incidence of impaired GFR (sustained eGFR,60 ml/ min per 1.73 m 2 ) 10 years after macroalbuminuria diagnosis was 32%, including 16% who developed ESRD. Lower hemoglobin A1c and BP and regression to AER,300 mg/d were associated with reduced risk of developing impaired GFR. In conclusion, people with type 1 diabetes who develop macroalbuminuria are at high risk of progressive kidney disease. However, through at least 10 years of follow-up, AER could often be controlled, and GFR frequently remained in the normal range. Macroalbuminuria, defined as urine albumin excretion rate (AER)$300 mg/d, has long been considered a stage of irreversible kidney damage that leads reliably to GFR loss. 1 In early published type 1 diabetes cohorts, macroalbuminuria was associated with a 15-year cumulative incidence of ESRD as high as 75%. 2, 3 However, contemporary long-term renal outcomes of macroalbuminuria have not been fully characterized.
The Diabetes Control and Complications Trial (DCCT) and its observational follow-up, the Epidemiology of Diabetes Interventions and Complications (EDIC) study, present a valuable opportunity to examine macroalbuminuria and its long-term clinical outcomes. In DCCT/EDIC, the onset of macroalbuminuria can be defined with confidence using frequent longitudinal measurements of AER, participants have been followed for up to 25 years after the diagnosis of macroalbuminuria, and outcomes were meticulously recorded using standardized methods. Previous workin this cohort has shownthat most cases of impaired GFR are preceded by macroalbuminuria, 4 which is associated with a 50-fold higher risk of developing impaired GFR (eGFR,60 ml/min per 1.73 m 2 ). 5 Here, we extend these studies by comprehensively evaluating the long-term renal outcomes of incident macroalbuminuria in the DCCT/EDIC cohort and examining the risk factors for its progression to impaired GFR.
RESULTS

Incidence of Macroalbuminuria
In the DCCT/EDIC population, the development of macroalbuminuria was rare before 10 years of diabetes duration and increased steadily thereafter ( Figure 1 ). Macroalbuminuria developed less frequently among participants assigned to intensive therapy compared with conventional therapy during the DCCT. The cumulative incidence of macroalbuminuria at 25 years after diabetes onset was 6% in participants assigned to intensive therapy and 17% in participants assigned to conventional therapy.
Clinical Characteristics at Macroalbuminuria Diagnosis
Of 159 participants who developed incident macroalbuminuria, 68% were men, and 72% had been assigned to conventional diabetes therapy (Table 1) . At the time of macroalbuminuria diagnosis, mean age was 37 years; mean duration of diabetes was 17 years, 55% had hypertension, and 31% were taking renin-angiotensin-aldosterone system (RAAS) inhibitors. Median AER was 524 mg/24 h; mean eGFR was 108 ml/min per 1.73 m 2 , and four participants had an eGFR,60 ml/min per 1.73 m 2 .
Albuminuria Outcomes after Macroalbuminuria Diagnosis After macroalbuminuria diagnosis, 61 participants regressed to sustained AER,300 mg/d over a median follow-up of 4 years (maximum of 22 years). The cumulative incidence of sustained AER,300 mg/d 10 years after macroalbuminuria diagnosis was 52% ( Table 2 ). The prevalence of RAAS inhibitor use in people with AER,300 mg/d 10 years after macroalbuminuria diagnosis was 80%. After macroalbuminuria diagnosis, 14 participants regressed to sustained AER,30 mg/d over a median follow-up of 8 years (maximum of 22 years). The cumulative incidence of sustained AER,30 mg/d 10 years after macroalbuminuria diagnosis was 13% (Table 2) . Two patients were treated with RAAS inhibitors at or before the time that they developed AER,300 mg/d, eight patients were treated with RAAS inhibitors after AER had dropped to ,300 mg/d, and four patients were not treated with RAAS inhibitors. Of 14 people who regressed to normoalbuminuria, all but 2 people maintained eGFR$60 ml/min per 1.73 m 2 for the duration of follow-up.
The point prevalence of AER,300 mg/d 10 years after macroalbuminuria diagnosis was 64%, including 17% with AER,30 mg/d (Figure 2A ). At this time point, 88%, 85%, and 67% of participants with macroalbuminuria, microalbuminuria, and normoalbuminuria were using RAAS inhibitors, respectively.
GFR Outcomes after Macroalbuminuria Diagnosis
For eGFR, median follow-up after the diagnosis of macroalbuminuria was 9 years, with a maximum follow-up of 25 years (Table 2) . Mean (SD) change in eGFR was 25.4 (5.7) ml/min per 1.73 m 2 per year. The cumulative incidence of sustained eGFR,60, ,45, and ,30 ml/min per 1.73 m 2 (overlapping categories) 10 years after macroalbuminuria diagnosis was 32%, 26%, and 22%, respectively ( Figure 3 , Table 2 ). The cumulative Figure 1 . Cumulative incidence of macroalbuminuria by treatment assignment in the DCCT/EDIC study by duration of type 1 diabetes. The cumulative incidence of macroalbuminuria, defined as AER$300 mg/d, is shown according to the group to which participants had been randomly assigned in the DCCT.
incidence of sustained eGFR,60 ml/min per 1.73 m 2 15 years after macroalbuminuria diagnosis was 42%.
Lower hemoglobin A1c, lower systolic and diastolic BP, and lower AER at the time of macroalbuminuria diagnosis were associated with decreased risk of developing sustained eGFR,60 ml/min per 1.73 m 2 after adjustment for age, sex, and eGFR at macroalbuminuria onset ( Data are mean (SD) or number (%), except for albumin excretion ratio, which is median (interquartile range). SBP, systolic BP; DBP, diastolic BP. Twenty-nine of one hundred fifty-nine participants with macroalbuminuria were not at risk for sustained microalbuminuria or normoalbuminuria, because they did not have two AER measurements after macroalbuminuria diagnosis.
0.31; P,0.001); 22 of 159 participants developed ESRD, with a cumulative incidence of 16% 10 years after macroalbuminuria diagnosis ( Table 2 ). The point prevalence of sustained eGFR,60, ,45, and ,30 ml/min per 1.73 m 2 (overlapping categories) 10 years after macroalbuminuria diagnosis was 29%, 20%, and 15%, respectively ( Figure 2B ).
Nephrotic-Range Albuminuria
Forty participants developed nephrotic-range albuminuria (AER$3000 mg/d). For 34 (85%) of 40 participants, this albuminuria occurred more than 15 years after diabetes onset ( Figure 4 ). The cumulative incidence of nephrotic-range albuminuria after 30 years of diabetes was 2.6% and 4.0% among participants assigned to DCCT intensive or conventional diabetes therapy, respectively. Of 40 participants, 25 (63%) were men, and 25 (63%) had been assigned to conventional diabetes therapy. The mean (SD) age was 38.4 (8.2) years, mean (SD) duration of diabetes was 20 (4.9) years, mean time from onset of macroalbuminuria was 3.5 years; median (interquartile range) AER was 4504 (3734-6004) mg/d; mean (SD) eGFR was 76 (31) ml/min per 1.73 m 2 , and 12 (30%) of 40 participants had eGFR,60ml/min per 1.73 m 2 at the time of onset of nephroticrange albuminuria.
Sensitivity Analyses in the Subgroup with Persistent Macroalbuminuria
Of 159 participants with incident macroalbuminuria, 123 participants had persistent macroalbuminuria, defined as AER$300 mg/d, on two consecutive study visits. Clinical and demographic characteristics in the participants with persistent macroalbuminuria were comparable with those characteristics of the entire incident macroalbuminuria group (Table 1) . The cumulative incidences of sustained eGFR,60ml/min per 1.73 m 2 and ESRD 10 years after the diagnosis of persistent macroalbuminuria were 34% and 18%, respectively, compared with 32% and 16% in the entire group with incident macroalbuminuria (including participants with AER$300 mg/d on a single occasion). In the subgroup with persistent macroalbuminuria, risk factors for progression to impaired GFR were similar to those risk factors in the entire group with incident macroalbuminuria. For example, the hazard ratio for progression to impaired GFR for time-updated AER,300 mg/d was 0.09 (95% CI, 0.03 to 0.31; P,0.001) compared with 0.11 (95% CI, 0.04 to 0.31) in the entire incident macroalbuminuria group (n=159). Albuminuria outcomes were also similar in both groups: among 123 participants with persistent macroalbuminuria, the prevalences of AER,300 mg/d and ,30 mg/d 10 years after macroalbuminuria diagnosis were 58% and 12%, respectively, compared with 64% and 17% in the entire group of 159 participants with macroalbuminuria.
DISCUSSION
This study describes the incidence of macroalbuminuria as well as its long-term renal outcomes in type 1 diabetes. Macroalbuminuria occurred with a cumulative incidence of 6% and 17% in the intensive and conventional arms of the DCCT/EDIC cohort, respectively, after 25 years of type 1 diabetes. The cumulative incidences of impaired GFR (,60 ml/min per 1.73 m 2 ) and ESRD 10 years after the macroalbuminuria diagnosis were 32% and 16%, respectively. However, the remaining majority maintained eGFR$60 ml/min per 1.73 m 2 , and the 10-year cumulative incidence of albuminuria reduction to ,300 mg/d was 52%. Lower hemoglobin A1c and BP and reduction of AER to ,300 mg/d were associated with decreased risk of developing impaired GFR.
The substantial risk of progression from macroalbuminuria to impaired GFR observed in this study supports the current paradigm that macroalbuminuria is a heightened risk state for progression of kidney disease. The cumulative incidence of progression to eGFR,60 ml/min per 1.73 m 2 was somewhat lower than previously reported values for people with type 1 diabetes and macroalbuminuria. 6, 7 For example, compared with the 42% 15-year cumulative incidence of eGFR,60 ml/min per 1.73 m 2 reported here, 49% and 53% of people with type 1 diabetes, macroalbuminuria, and normal eGFR progressed to eGFR,60 ml/min per 1.73 m 2 over 15 years of follow-up in the Pittsburgh Epidemiology of Diabetes Complications Study 6 and the Joslin proteinuria cohort, respectively. 7 Given the relatively frequent monitoring of AER in the DCCT/EDIC study (every 1-2 years), our slightly lower values may reflect earlier diagnosis of macroalbuminuria. The cumulative incidence of ESRD in this study falls between those values observed in prior cohorts. Compared with the 16% 10-year cumulative incidence of ESRD reported here, the 10-year cumulative incidence of ESRD was 3%-14% and 13%-30% among participants with macroalbuminuria and baseline eGFR$60 ml/min per 1.73 m 2 in the FinnDiane and Joslin type 1 diabetes cohorts, respectively. 8, 9 However, the risk of progression is not absolute: the majority of people with incident macroalbuminuria maintained an eGFR$60 ml/min per 1.73 m 2 through 15 years of follow-up, suggesting that macroalbuminuria does not represent an intractable course to GFR loss. Data from other type 1 diabetes cohorts spanning the last two decades also support stability of GFR in a substantial fraction of people with macroalbuminuria and intact GFR. 6, 8, 9 This finding is in contrast to earlier type 1 diabetes cohorts, which reported up to 75% progression to ESRD over 15 years of follow-up, 2, 3 highlighting a change in the clinical course of diabetic kidney disease under current standards of care.
In the DCCT/EDIC cohort, reductions in AER were also common, with more than one half of participants who developed macroalbuminuria regressing to persistent AER,300 mg/d 10 years after macroalbuminuria diagnosis. This finding suggests that the change in clinical course includes a frequent reduction and at times, complete regression of albuminuria. Some, but not all, of this reduction occurred during treatment with RAAS inhibitors, which could reduce AER through hemodynamic mechanisms without improving underlying pathology. Taken together, incident macroalbuminuria is a stage of disease associated with not only progression but also, significant potential for stability and even regression, thus presenting an important opportunity for intensive therapeutic intervention. Among DCCT/EDIC participants with incident macroalbuminuria, lower hemoglobin A1c, systolic and diastolic BPs, and AER were each associated with reduced risk of progression to impaired GFR (,60 ml/min per 1.73 m 2 ). Intensive glycemic control in the DCCT/EDIC cohort has been shown to reduce incidence of microalbuminuria, macroalbuminuria, and impaired GFR, 5, 10, 11 highlighting the potential importance of hyperglycemia as a modifiable risk factor for all major manifestations of kidney disease in type 1 diabetes. The observed association of elevated BPs with progression of kidney disease is well supported by prior work and consistent with clinical trials showing the beneficial effect of BP control on rate of GFR loss in the setting of macroalbuminuria. [12] [13] [14] [15] The association of higher urine albumin excretion with progression of diabetic kidney disease observed here is also consistent with prior data. [16] [17] [18] Only 31% of participants with incidence macroalbuminuria were using RAAS inhibitors at the time of macroalbuminuria diagnosis. This result is likely, in part, because some cases of macroalbuminuria occurred during the DCCT, when RAAS inhibitors were proscribed, and some macroalbuminuria cases were previously undiagnosed. RAAS inhibitor use increased substantially after macroalbuminuria diagnosis, consistent with current clinical guidelines. 19, 20 Of note, RAAS inhibitor use was associated with a nonsignificant trend to increased risk of impaired GFR, which was previously noted in the DCCT/ EDIC study. 5 This result is likely because of confounding by indication (i.e., participants inherently more likely to lose GFR were selectively treated with RAAS inhibitors) rather than true adverse effects of RAAS inhibitors. In addition, it may also reflect the reversible RAAS inhibitor reduction of GFR by hemodynamic effects.
Historically, clinical trials of novel therapeutic agents for treatment of diabetic nephropathy in types 1 and 2 diabetes have targeted patients with macroalbuminuria. 12, [21] [22] [23] The high rates of impaired GFR and ESRD that we observed in those individuals who developed macroalbuminuria support the focus on this high-risk population. In addition, the striking variability in renal outcomes after macroalbuminuria diagnosis suggests that it is a disease stage particularly appropriate for identification of novel diagnostic and therapeutic tools. Identifying biomarkers that would enable additional risk stratification of this population for propensity to GFR loss and ESRD would help focus more intensive therapeutic interventions on patients at the highest risk of progressive kidney disease. Such biomarkers may also be used to identify new molecular targets and focus clinical trials on participants with the highest risks of progressive disease. Examples of such biomarkers would be components of the pathways already incriminated in the pathophysiology of kidney disease (e.g., RAAS, 24 bone morphogenetic protein, [25] [26] [27] wingless-type mouse mammary tumour virus integration site, 28, 29 Notch, 30 vascular endothelial growth factor, and protein kinase C pathways, to name a few).
Albuminuria exceeding 3 g/d, defined as nephrotic-range albuminuria, has been associated with the most rapid decline in GFR. [31] [32] [33] Among DCCT/EDIC participants with macroalbuminuria, 40 progressed to nephrotic-range proteinuria after an average of 20 years of diabetes. The cumulative incidence of Figure 4 . Cumulative incidence of nephrotic-range albuminuria by treatment assignment in the DCCT/EDIC study by duration of type 1 diabetes. The cumulative incidence of nephrotic-range albuminuria, defined as AER$3000 mg/d, is shown according to the group to which participants had been randomly assigned in the DCCT. nephrotic-range proteinuria was lower in participants assigned to intensive diabetes therapy.
The primary strengths of this study derive from the meticulous longitudinal characterization of participant outcomes over 25 years of follow-up in the DCCT/EDIC study. This longitudinal follow-up, combined with the fact that all participants were free of macroalbuminuria at study entry, enabled detection of incident macroalbuminuria within 1-2 years of its onset during the DCCT/EDIC study as well as accurate measurement and ascertainment of subsequent outcomes. An additional strength of the DCCT/EDIC cohort, particularly during the EDIC study phase, is that participants are treated under current standards of care in terms of glycemic control and RAAS inhibitor use, which makes observations made in these cohorts relevant to current clinical practice. This study also has limitations. We evaluated macroalbuminuria primarily in a binary classification. Associations of hemoglobin A1c, BP, and AER with impaired GFR are subject to confounding. Kidney biopsies were not performed as part of the study, and it is possible that cases of nephropathy secondary to causes other than diabetes have been included in our cohort. Finally, we did not assess mortality outcomes because of the low rate of death in the DCCT/EDIC study.
In conclusion, we confirm that macroalbuminuria in type 1 diabetes marks a disease state with high risk of progression to impaired GFR and ESRD. However, stabilization and even regression of disease occur even more frequently. As such, macroalbuminuria presents an important disease stage for intensive delivery of treatments targeted at improving renal outcomes in type 1 diabetes.
CONCISE METHODS
The DCCT/EDIC Study
The DCCT was a multicenter randomized clinical trial in type 1 diabetes mellitus comparing the effects of intensive diabetes therapy aimed at achieving glycemic control as close to the nondiabetic range as safely possible with conventional therapy. 10, 11 The trial included two cohorts: a primary prevention cohort (1-5 years duration of diabetes, AER,40 mg/24 h, no retinopathy by fundus photography) and a secondary intervention cohort (1-15 years duration, AER#200 mg/24 h, and at least one microaneurysm in either eye but no more than moderate nonproliferative retinopathy). From 1983 to 1989, 1441 participants between the ages of 13 and 39 years were enrolled and randomly assigned to intensive or conventional diabetes therapy. Intensive therapy included three or more insulin injections daily or use of an insulin pump with the aim of achieving hemoglobin A1c levels,6.05%. The goal of conventional therapy was prevention of symptoms of hyperglycemia and hypoglycemia using one or two daily injections of insulin. Subjects were followed for a mean of 6.5 years until DCCT closeout in 1993.
At the end of the DCCT, all former conventional treatment participants were offered instruction in intensive therapy, and all participants returned to their own health care providers for ongoing diabetes care. All DCCT participants were invited to join the EDIC study, an observational extension of the DCCT, and 1375 (96% of the surviving cohort) agreed to participate. During the EDIC study, mean hemoglobin A1c levels, which had been separated by approximately 2% between conventional and intensive therapy groups during the DCCT, converged from the former treatment groups. 10 The DCCT/ EDIC study procedures were approved by the institutional review boards of participating centers, and all participants provided written informed consent. The study described herein includes data from the DCCT baseline through EDIC study year 16 (2008-2010) .
Macroalbuminuria Cohort
This study focuses on 159 DCCT/EDIC participants who developed macroalbuminuria during the course of DCCT/EDIC study observation. Macroalbuminuria was defined as AER$300 mg/d. In addition, sensitivity analyses were performed in the subset of 123 participants who developed persistent macroalbuminuria, defined as AER$300 mg/d, on two consecutive visits. Because few published studies describe the incidence of nephrotic-range albuminuria in type 1 or 2 diabetes, we also described a separate subset of 40 DCCT/EDIC participants who developed AER$3000 mg/d. AER was measured yearly during the DCCT and every 2 years during the EDIC study. Urine was collected for 4 hours during water diuresis; albumin was measured by fluoroimmunoassay (coefficient of variation of 9.4%). 11 Urine creatinine was measured by a variation of the Jaffe method on the Beckman CX3 (coefficient of variation of 2.8%).
Definitions of Long-Term Renal Outcomes
Among the macroalbuminuria cohort, we assessed the following outcomes: sustained microalbuminuria, sustained normoalbuminuria, change in eGFR (slope), development of impaired GFR, and development of ESRD. Sustained microalbuminuria was defined as urine AER,300 mg/d on two successive occasions; sustained normoalbuminuria was defined as urine AER,30 mg/d on two successive occasions. Serum creatinine was measured yearly during the DCCTand the EDIC study using methods traceable to isotope dilution mass spectrometry, with overall interassay coefficients of variation,3%. 5 GFR was estimated from serum creatinine using the Chronic Kidney Disease Epidemiology Collaboration formula. 34 Impaired GFR was defined as eGFR,60 ml/min per 1.73 m 2 on two consecutive study visits. 5 Incidence rates of lower levels of impaired GFR were also ascertained (eGFR,45 and ,30 ml/min per 1.73 m 2 , each on a single study visit). ESRD was defined as the initiation of maintenance dialysis (n=14) or kidney transplantation (n=8) assessed yearly by questionnaire and adjudicated centrally. We described the distribution of AER over time after macroalbuminuria diagnosis. Renal outcomes were not mutually exclusive.
Covariates
Demographic data and smoking were assessed by self-report. Body mass index was calculated as weight (kilograms) divided by height (meters) squared. BP was measured using the standardized procedure by trained personnel. 35 All laboratory measurements were completed at the DCCT/EDIC study Central Biochemistry Laboratory at the University of Minnesota. Hemoglobin A1c was measured using high-performance ion-exchange liquid chromatography (coefficient of variation,4%). 36 Plasma lipids were measured using conventional enzymatic methods, with LDL cholesterol calculated using the Friedewald formula. Medication use was assessed yearly by self-report only during the EDIC study. Use of angiotensin-converting enzyme (ACE) inhibitors was discouraged during the DCCT, and only 6% of participants reported ACE inhibitor use on their first EDIC study visit. Angiotensin receptor blockers were available for clinical use only during the EDIC study. RAAS inhibitors (ACE inhibitors and angiotensin receptor blockers) were combined and analyzed as a class. 3-Hydroxy-3-methylglutaryl CoA reductase inhibitors became available during the end of the DCCT (beginning in 1989), and use of a lipid-lowering agent was reported by only 2% of participants at their first EDIC study visit.
Statistical Analyses
To describe the development of macroalbuminuria over the clinical course of type 1 diabetes in our population, we first graphed the cumulative incidence of macroalbuminuria by duration of diabetes in the full DCCT/EDIC cohort using Kaplan-Meier methods.
To examine development of impaired GFR, time at risk began at macroalbuminuria diagnosis and extended to the diagnosis of impaired GFR or the penultimate serum creatinine measurement for censored subjects. For ESRD, time at risk extended to the diagnosis of ESRD or the last study visit for censored subjects. Incidence rates were expressed in person-years, and Kaplan-Meier methods were used to plot cumulative incidence. Discrete Cox proportional hazards models were used to test associations of clinical characteristics with the development of impaired GFR adjusting for age, sex, and eGFR at macroalbuminuria diagnosis. Cox models assessed as exposures both characteristics at the time of macroalbuminuria diagnosis and characteristics assessed at the time of follow-up examination (time-updated variables).
Change in eGFR was estimated using linear mixed models. For participants who developed ESRD, eGFR was defined as 10 ml/min per 1.73 m 2 at the time of ESRD and missing thereafter. Random effects were assigned to participants and a fixed effect to time (years). Among 159 participants who developed incident macroalbuminuria, subsequent distributions of AER and eGFR were examined in 2-year time intervals. Mean values were used if two measurements were available within a 2-year period.
Analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC).
